Objective: The purpose of this narrative literature review is to discuss the literature regarding the potential role that cytokines play in degenerative disk disease. Methods: The inclusion criteria were studies that used inflammatory mediators in advancing disk disease processes. Research studies were limited to the last 3 decades that had free full-text available online in English. Exclusion criteria were review articles and articles pertaining to temporomandibular joints and other joints of the body other than the intervertebral disk. The following databases were searched: PubMed, EBSCOhost, and Google Scholar through March 13, 2017. Results: A total of 82 studies were included in this review. The papers were reviewed for complex mechanisms behind the degenerative cascade, emphasizing the role of proinflammatory cytokines, which may be instrumental in processes of inflammation, neurologic pain, and disk degeneration. Interleukin-1β and tumor necrosis factor α were among the more notable cytokines involved in this cascade. Because monocyte chemoattractant protein-1 stimulates and activates macrophages in the event of infiltration, additional proinflammatory cytokines are released to act on molecules to promote blood and nerve ingrowth, resulting in pain signaling and tissue degradation. Excessive inflammation and/or tissue damage initiates a pathologic imbalance between anabolic and catabolic processes. Conclusions: This literature review describes how inflammatory and biochemical changes may trigger disk degeneration. Proinflammatory cytokines stimulate microvascular blood and nerve ingrowth, resulting in pain signaling and tissue degradation. This may sensitize a person to chemical and/or mechanical stimuli, contributing to severe low back pain. (J Chiropr Med 2018;17:54-62) 
INTRODUCTION
Intervertebral disk (IVD) degeneration (IDD) is an irreversible and progressive process with disabling potential as a result of pain. It is implicated to play a clinical role in the presentation of low back pain (LBP) and lumbar radiculopathy secondary to IVD displacement. 1 Age, mechanical pressures, genetics, inflammatory and biochemical changes can all act as triggering agents in this condition. [1] [2] [3] [4] Degenerative disorder of the disk is characterized generally as enhanced matrix degradation, angiogenesis/ neovascularization, nerve ingrowth, and increased expression of catabolic cytokines, resulting in anatomic and biochemical disk changes. 1, 2, [5] [6] [7] The condition may include disk desiccation, decreased disk height, disk bulging, annular fissures, osteophytes, or end plate sclerosis. 8 The disk's nucleus pulposus (NP) is filled with proteoglycans as the surrounding annulus fibrosis (AF) is collagenous. The aged disk has less water, supposedly as a result of loss of negatively charged proteoglycans, consequently affecting one's ability to bear loads. 2, 9 The disk is largely avascular and aneural besides the outer third of the annulus. However, degeneration accompanies the growth of blood vessels and nerves into the inner layers of annulus and nucleus. [5] [6] [7] It is now well established that in chronic inflammation the disk experiences extracellular matrix (ECM) loss and degradation. Because the inflammatory cascade involves neovascularization and nerve ingrowth, macrophages are seen as the most populous of any inflammatory cell. [10] [11] [12] [13] [14] Once macrophages are activated, they secrete cytokines and disk-degenerative compounds and may even spread to nearby noninjured disk tissue.may play a key role in the development of chronic progressive pain. 15 The purpose of this narrative literature review is to discuss the literature regarding the potential role that cytokines play in degenerative disk disease.
METHODS
This was a narrative overview. A search was performed using electronic databases: PubMed, Google Scholar, and EBSCOhost generated articles relevant to cytokines and their role in degeneration. Studies were limited to those published in the last 3 decades that had free full-text available online in English. The final selection of studies ranged from 1994 through March 13, 2017 . Search terms included "intervertebral disc degeneration," "cytokines," and "inflammatory mediators." EBSCOhost generated 6423 articles, PubMed generated 4519, and Google Scholar generated about 29 500. Articles were subcategorized into human participants and animal subjects and methods were further categorized into in vitro and in vivo studies. The reference lists from the included articles were considered as well. Exclusion criteria included articles pertaining to temporomandibular joints and other joints of the body other than the IVD. Eighty-two articles were finally included in the review.
RESULTS

IVD Degeneration
Healthy ECM undergoes a normal cycle of tissue degradation and synthesis. Nutritional compromise, repetitive loading, or natural aging may lead to a disk wearing down as normal matrix turnover loses its remodeling capability, and structural proteins degrade in excess. 1 In turn, the disk loses hydration and its structural integrity. Disk degeneration likely involves biochemical and mechanical cell stimulation that activates this matrix destructive pathway.
2 Fig 1 provides a representation of the disk-degenerative cascade.
Inflammation may create irreversible biomechanical and structural changes 16 because inflammatory stimuli have the ability to increase both hydraulic permeability and cell size of the NP. Even after removing the stimuli, these changes may persist, suggesting that the inflammatory response may irreversibly disrupt the disk's volume.
The IVD has no nerve or blood supply except for the outer third of the annulus. However, with IDD, microvascular blood vessels and nerve ingrowth may extend into the nucleus. 17 Chronically degenerated disks display increased vascularization, 18 and such blood vessels are needed to supply activated phagocytes that further release proinflammatory mediators. Lumbar disks of cadavers in their 30s tend to be avascular, whereas those in their 40s and beyond begin to exhibit a new blood supply. 19 Vascular granulation tissue also tends to form along a torn annular fissure, releasing inflammatory mediators such as histamine, heparin, tumor necrosis factor α (TNF-α), proteases, interleukins (ILs), and chemoattractants. 8 The cascade of IDD involves macrophage infiltration with subsequent cytokine secretions. 8 The largest amounts of cytokines are found in the AF, suggesting this to be the predominant site of the degenerative inflammatory response. 18 Although most of the precursor to the cytokine TNF-α is found in the annulus, activated TNF-α is able to reach the nucleus via diffusion. Chronic degenerated disk tissues may have greater amounts of cytokines.
Overall, disk degeneration involves a cascade of events involving cytokines and the upregulation of vascular and nerve growth to areas which previously were largely not innervated by a blood or nerve supply. 8 This may have implications in subsequent matrix degradation and pain processing mechanisms. Not all cytokines are stimulated by the same mechanism. 20 
IVD Displacement
Often the degenerative process manifests into IVD displacement, 1 where a disk ruptures through the posterior longitudinal ligament, exposing NP cells to the vascular system of the epidural space. 5 The chemoattractive properties of the nucleus draw peripheral blood mononuclear cells to infiltrate the border of the extruded disk in an autoimmune fashion. 1, 5 These monocytes may consequently differentiate into macrophages. 21 They also contain inflammatory mediators contributing to inflammation (involving granulation tissue) and disk neovascularization, both leading to phagocytosis and resorption of the disk, serving a beneficial role in removing nerve compression. 5, 6 Inflammation involves the formation of granulation tissue consisting of macrophages and T-lymphocytes. 1 Inflammatory cytokines are then produced and consequently induce the expression of matrix-degrading proteins. Although granulation tissue is usually associated with chronic inflammation, 22 disk displacement may also produce such granulation tissue, consisting of small round cells, fibroblasts, and neovascularization. 7 All patients with disk displacement may have some degree of disk degeneration, 23 and both conditions have been reported to have substantial macrophage infiltration. 24 
Macrophages.
Most extruded disk tissue naturally decreases in size and sometimes disappears completely. Macrophages are instrumental in this resorption process, leading to the presence of any inflammatory cell.
10-14 They most likely invade disk tissue from new blood vessels formed at the disk's periphery and may spread to nearby noninjured disk tissues. 10, 13 Once activated, macrophages secrete proinflammatory cytokines and disk-degenerative enzymes. 5, 12, 25 Macrophages have also been reported to produce chemotactic cytokines as well, recruiting further monocytes to the area. 26 Cytokines may stimulate the release of monocyte chemoattractant protein-1 (MCP-1), upregulating additional macrophage infiltration. [25] [26] [27] [28] Monocyte chemoattractant protein-1 is involved with initiating inflammation and is suggested to play an important role in the early resorption process of the nucleus.
26,29
Fig 2. Cytokine interrelationships, indicating stimulating or regulating relationships. ADAM10, a disintegrin and metalloproteinase domain 10; BDF, brain-derived neurotrophic factor; CCL, C-C motif ligand; CNS, central nervous system; COX, cyclooxygenase; Csf1, colony stimulating factor 1; DR5, death receptor 5; ECM, extracellular matrix; FasL, Fas ligand; IFN, interferon; IGF, insulin-like growth factor; IL, interleukin; MCP, monocyte chemoattractant protein; MMP, metalloproteinase; NGF, nerve growth factor; NO, nitric oxide; PGE, prostaglandin E; PLA2, phospholipase A2; RANTES, regulated upon activation, normal T cell expressed and secreted; TGF, transforming growth factor; TIMP, tissue inhibitor of metalloproteinase; TNF, tumor necrosis factor; TRAIL, TNF-related apoptosis-inducing ligand; TSLP, thymic stromal lymphopoietin; VEGF, vascular endothelial growth factor.
Tumor Necrosis Factor α.
The inflammatory cytokine TNF-α stimulates the release of vascular endothelial growth factor (VEGF), which is involved in new blood vessel formation. Such new vascularization brings about macrophage infiltration, in turn, generating further cytokines and disk-degrading enzymes, leading to disk degeneration and resorption. 27, 28, 30 Tumor necrosis factor-α shows up early after a disk herniates. 31 Its levels might then fluctuate throughout the inflammatory process. Disks may produce TNF-α and IL-1β on the first day after IVD displacement, stimulating the production of MCP-1 2 days later. 32 Monocyte chemoattractant protein-1 then recruits and activates macrophages, which further stimulate MCP-1 and trigger phagocytosis, the release of matrix metalloproteases (MMPs), and the degradation of ECM. Stimulating the release of TNF-α from macrophages has accelerated herniated disk resorption.
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ADAM10 and Fas Ligand. Fas ligand (FasL) is a member of the TNF family. This molecule may protect the disk from autoimmune attack by maintaining the disk's avascular nature. This ligand binds with Fas located on a target immune cell and induces vascular endothelial cell apoptosis, protecting against progressive disk degeneration. 33 In the nucleus, ADAM10 (a disintegrin and metalloproteinase domain 10) may regulate the expression of FasL. 34 Because FasL may stimulate the production of proinflammatory cytokines, reducing ADAM10 may reduce the production of inflammatory cytokines. Exposing spinal dorsal nerve roots to the disk nucleus may upregulate FasL levels, which may induce apoptosis to reestablish homeostasis in the dorsal root ganglion. 35 However, greater levels of FasL may exist in normal NP cells compared with degenerated ones. 36 Interleukins.
Interleukin-1β may be the key cytokine responsible for disk degeneration. 17 It stimulates angiogenesis and nerve innervations in the human IVD via its upregulating effect on VEGF, nerve growth factor, and brain-derived neurotrophic factor. Interleukin-1β is thought to play a role in the degenerative cascade by inhibiting ECM synthesis, stimulating matrix-degrading enzymes and furthering cytokine production, as well as indirectly speeding up apoptosis rates. 17, [37] [38] [39] Interleukin-1 may also increase the gene expression of proinflammatory proteins that can enhance disk degeneration. 2 Interleukin-1(α and β) and its inhibitor, IL-1Ra, are in balance in the healthy disk. 40 The degenerative disk, however, has elevated IL-1(α and β), whereas IL-1Ra is not changed, resulting in increased cell expression of matrix-degrading enzymes. Interleukin-1Ra may almost completely eliminate matrix-degrading activity.
Tumor necrosis factor-α may also be upregulated in disk degeneration, but its predominant receptor, TNF-R1, is reduced, leading to reduced bioactivity of TNF-α. This suggests that IL-1 may play a larger role in disk degeneration and therefore may serve as a better target for therapeutic intervention.
In addition to being released from the disk itself, IL-1 may also be a product of mechanical, or vibrational, loading or from inflammatory cells such as macrophages. 38 The potential inflammation, neurologic pain, and disk degeneration resulting from IL-1β indicates the clinical importance of controlling the levels of this cytokine.
Interleukin-6 and its receptor, IL-6R, may play important parts in acute inflammation. In their protective roles, they may stimulate tissue inhibitor of metalloproteinase (TIMP), which inhibits excessive breakdown of ECM. 5, 41 They may also stimulate vascular epithelial growth factor, promoting new blood vessel formation.
Substance P. The neuropeptide substance P can stimulate macrophages to release IL-1α and TNF-α. 18 Higher levels of substance P found in chronic disk degeneration could explain the greater levels of these 2 other cytokines. Substance P has upregulated other inflammatory cytokines as well, in both the annulus and nucleus. 42 Nitric Oxide.
In herniated lumbar disks, nitric oxide (NO) may be produced mainly by the macrophages in granulation tissue surrounding the herniated disk material. 7 NO synthesis may be stimulated by TNF-α and IL-1β, lipopolysaccharide, or interferon-γ. 7, 24 It has been known to help maintain blood pressure by dilating vessels and help kill foreign invaders in the immune response. Nitric oxide is proinflammatory in the sense of being a vasodilator and increasing vascular leakiness, suppressing proteoglycans, and contributing to neuropathic pain. Paradoxically, it can be anti-inflammatory in its ability to inhibit prostaglandin E2, thromboxane, and IL-6 synthesis.
9,43
Interferon-γ.
Interferon-γ is a proinflammatory cytokine produced by multiple cell types that may activate microglia and other cells to upregulate further cytokines and contribute to macrophage recruitment. 24, 44 Transforming Growth Factor-β. Although the more notable role of transforming growth factor (TGF)-β is to encourage matrix production and limit ECM degradation, it may serve as a contributing cytokine in the downregulation of leukocyte formation during disk displacement. 45 Tumor necrosis factor-α and IL-1 may upregulate this cytokine. Transforming growth factor-β also contributes to fibrosis and angiogenesis, proteoglycan stimulation, and decreased active MMP-2 levels. 8 The role of TGF-β1 in ligamentum flavum hypertrophy is discussed later.
Matrix Breakdown and Disk Resorption
Disk resorption results when disk-destroying enzyme activity outweighs matrix protection. 5 Matrix metalloproteases are a set of zinc-dependent proteolytic enzymes contributing to the breakdown of disk matrix components, especially collagen and proteoglycans. As described earlier, the NP is filled with proteoglycans, whereas the enclosing annulus fibrosus is collagenous. 38 Greater amounts of MMPs and inflammatory mediators are apparent in degenerative disks. 2 Herniated lumbar disk tissue also have high levels of MMPs, which degrade core proteoglycans in cartilage. This increased enzyme production may be a natural response to remodel and help resorb the herniated disk. 9 Although other enzymes may be involved in degradation of displaced IVDs, MMP-1 and MMP-3 are thought to be 2 major MMPs involved in the process. Nucleus pulposus cells produce MMP-1 and MMP-3, which may explain the reduced herniated disk volume accompanying spontaneous healing (not requiring surgery) as well as reduced pain and neurologic symptoms. 5 Macrophages, once activated, generate inflammatory cytokines such as IL-1β and TNF-α, potent MMP inducers.
The interaction between peripheral blood mononuclear cells and displaced disk tissue causes an upregulation of MMP-3 and the formation of inflammatory granulation tissue. 5 Proinflammatory cytokines (ie, TNF-α, IL-1) stimulate the production of MMP-3, leading to disk degeneration and resorption. 18, 27 The role of MMP-3 in cartilage degradation, also occurring in arthritic conditions, serves in the spontaneous healing of displaced tissue and removes nerve compression. 5 Both vascular epithelial growth factor and TNF-α upregulate urokinase-type plasminogen activator, which transforms plasminogen into plasmin, a matrix degrading enzyme, which activates certain MMPs. 30 Tumor necrosis factor-α may also directly stimulate the intracellular production of latent MMPs, but these proteinases may need extracellular stimulation before being able to degrade substances.
Cell Aging and Programmed Cell Death
Cell senescence represents the period of biological aging where normal cells stop dividing. Cells can reach senescence prematurely via stresses induced by reactive oxygen species, mechanical load, or cytokines, implying that these stressors may prematurely place a cell at growth arrest. 46 Apoptosis is a term used to describe programmed cell death, a normal component of cellular biology. Excessive apoptosis may lead to cellular atrophy, whereas inadequate apoptosis may lead to uncontrolled cellular proliferation. Fas-L, TNF-α, and TRAIL (TNF-α-related apoptosis inducing ligand) all exhibit potent cytotoxic activity and induce apoptosis in susceptible cells. 47 Death receptor 5 (TRAIL receptor 2) is a receptor involved in apoptosis. It exists in both normal and herniated disks but in greater amounts in the latter as a result of its hypoxic, hypoglycemic, and acidic environment, implying that excessive apoptosis may result from proinflammatory cytokine activity after disk injury.
Implication in Pain Processing
Diskogenic Pain.
Mechanical factors, such as disk displacement, may be an initial trigger for acute LBP. 43 However, LBP appears to be multifactorial, depending on both mechanical and biochemical mechanisms. Not all degenerative disks lead to painful symptoms. In disk degeneration, pain is believed to result from fissures extending from the nucleus to the outer annulus, exposing nerve endings to enzymes and degradation substances. 8 Degenerative disks that cause LBP contain more nociceptive nerve endings in the endplate and nucleus. 20 After disk degeneration, nerve growth factor and brain-derived neurotrophic factor may promote nerve ingrowth, contributing to pain. 17 Meanwhile, VEGF may induce new blood vessel ingrowth. Injury to the annulus, such as tearing its outer layers, has potential to create diskogenic LBP. Cytokines such as IL-6, produced by cells in the outer annulus, may produce pain at such free nerve endings, contributing to the development of diskogenic pain.
Those with disk degeneration have greater inflammation and vascular penetration compared with those with disk displacement. 8 The ingrowth of unmyelinated nerve fibers, which are very sensitive to chemical and/or mechanical stimuli, may explain why these patients tend to have more severe LBP than those with disk displacement. Those with only LBP have greater amounts of sensory nerves. It is unknown exactly why degenerated disks produce more inflammatory mediators. Degenerative disks may release chemotactic substances that aid in the ingrowth of nerves that may produce LBP. Figure 3 illustrates the events resulting in pain and tissue destruction. Radicular Pain. In disk displacement, pain results from the chemical irritation and compression of spinal nerve roots. 8, 31 Lumbar disk displacement involves chronic local inflammation. 15 A lumbar displacement that creates pain radiating into one's leg along the distribution of the sciatic nerve is known as sciatica. Although a protruded disk into the spinal canal may compress a nerve, irritate it, and create sciatic pain, the extent of radicular symptoms does not depend exclusively on the size of a herniated disk. 12 Merely compressing a noninflamed nerve may result in motor and sensory deficits without pain. 48, 49 Mechanical stimulation preceded by exposure to the NP, however, may lead to sciatic pain, reinforcing the notion that a nerve must be inflamed to experience pain.
Exposing spinal dorsal nerve roots to the nucleus may significantly boost a C-fiber response and increase levels of TNF-α, IL-1β, colony stimulating factor 1, and FasL, which are thought to contribute to central sensitization. 35 C-fibers have unmyelinated axons and are more sensitive to inflammation than are Aδ fibers. The latter are, however, myelinated and are more sensitive to compression. 31 Even small amounts of TNF-α may be adequate to produce radicular pain, either directly by stimulating the nerve root or indirectly via nucleus-induced nerve root injury. 45 Applying TNF-α along the sciatic nerve may stimulate more C-fiber firing compared with Aδ firing. 31 Inflammatory mediators may directly affect nerve endings that exist in the outer annulus and longitudinal ligaments as well as the nearby dorsal root ganglion and spinal nerve root. In disk displacement, the NP increases its expression of cytokines, MMPs, and other inflammatory mediators. 3 The resulting inflammation may promote axonal growth of dorsal root ganglion neurons and cause more nerve fibers to penetrate the disk.
Damaged neurons in peripheral nerve injuries release MCP-1, which activates microglia, the local macrophages of the central nervous system. 35 Also, enhanced expression of neurotrophic factors (ie, nerve growth factor and brain-derived neurotrophic factor) in the dorsal root ganglion regulate dorsal horn neurons and may contribute to neuropathic pain. 29 In the central nervous system, enhanced colony stimulating factor 1 levels may also activate microglia.
Epidural fat encloses the nerve root and can secrete adipokines. In patients with sciatica, TNF-α levels are significantly higher in epidural fat. 50 Ex vivo results predict epidural fat itself to produce proinflammatory cytokines, such as TNF-α.
Other chemical irritants besides cytokines may play a role in pain and inflammation, including immunoglobulins (eg, immunoglobulin G), hydrogen, NO and enzymes (eg, phospholipase A2 and MMPs), fibroblast growth factor, leukotrienes, thromboxanes, and prostaglandins. 48 The activation of cyclooxygenase-2, whose arachidonic cascade creates prostaglandin E2, leads to the ectopic firing of nerve roots, with consequent pain and inflammation. 27, 31 Chronic Pain.
Acute pain relief may be due to neural decompression, whereas persistent pain progression could be representative of an unresolved neuroinflammatory process. 15 Granulation and inflammatory tissue proliferates as the duration of radicular pain increases. 41 The longer the nucleus has contact with the dorsal root ganglion, the greater the potential for developing chronic pain becomes. 48 Differing levels of inflammatory responses may account for the degree and length of disability with those experiencing radiculopathy. 38 The longer duration the nucleus physically interacts with its surrounding environment, the more inflammatory mediators are produced. 20, 31 Once a chronic pain mechanism is triggered, removing the source may not end the pain cycle. Thus, a longer inflammatory process may lead to pain chronification. Currently, it is unknown what the specific timeframe is for a cycle to become chronic.
Contributing and Complicating Factors
The main function of the IVD is to bear and distribute load. In normal loading, the nucleus experiences hydrostatic and shear stress, whereas the annulus experiences tensile strain. Fluid movement within the disk creates shear stress, whereas spinal movement creates compression, tension, and shear stress. 2 Aging and degeneration can create adverse strain where the extracellular matrix integrity is compromised and mechanical forces are altered. Excessive loading creates a catabolic shift within disk tissue where protease activity increases. 2 High mechanical strain during degeneration could accelerate degeneration and promote neuronal infiltration, thereby contributing to diskogenic pain. 4 Excessive mechanical loading can trigger inflammatory and cytokine responses, potentially contributing to spinal disk degeneration and LBP. Asymmetric disk loading can upregulate the production of cytokine mediators, lowering the threshold response to mechanical load. Exposing disks to IL-1β may render AF cells more vulnerable to injury from excessive load.
Damage, especially to the outer annulus, may predispose the disk to prolapse of the nucleus. 3 The onset of disk damage seems to be the cleavage of the junction where the endplates of the disk and vertebra meet. Degenerative changes may be more pronounced in displaced disks than with spondylolytic disks. 3 Hypertrophied ligamentum flavum, which covers the posterior lateral portion of the lumbar spinal canal, can lead to lumbar spine stenosis, encroaching the canal and compressing nerve roots, or cauda equina syndrome. 51 Transforming growth factor-β1 may be responsible for pathologic tissue fibrosis in diseased states. Fibroblasts stimulate a higher expression of TGF-β1, which may contribute to the hypertrophy of ligamentum flavum in lumbar spinal stenosis. 51 Serum elevations of TGF-β1, TIMP-1, and TIMP-2 may all be involved with ligamentum flavum hypertrophy. 52 TIMPs may also play a role in fibrotic diseases by inhibiting MMP action, impairing matrix degradation. Inflammatory granulation tissue may also break down the collagenous component of the posterior longitudinal ligament, contributing to structural weakness. 53 
DISCUSSION
There is a complex interworking among proinflammatory mediators, collectively participating in the pathologic expressions behind LBP. Inflammation, blood and nerve ingrowth, tissue breakdown, and pain processing all have cytokine involvement. The secretion of cytokines and disk degenerative enzymes may result in disk resorption, degeneration, and neuropathic pain.
A nerve may need to be inflamed to experience pain, because nerve compression alone may simply result in sensory and motor deficits. Coupled with nerve sensitization, some cytokines are implicated in generating painful IDD. Cytokine secretion and expression may rely on independent pathways from one another. By removing or inhibiting certain influential players in a cascade, consequent cytokine production may be impeded.
Limitations
This was a narrative literature review; therefore, conclusions cannot necessarily be made about cause and effect. It is possible that some highly relevant studies were missed. To identify a relationship, additional studies are needed. Further research may focus on the clinical context of reducing LBP and attenuating disk degeneration by means of controlling cytokines. Because much of the research is limited to the laboratory setting, these findings may not translate to caring for a patient who is in need of effective treatment. 
Practical Applications
• This paper addresses the consequences from directly and indirectly manipulating individual and groups of inflammatory mediators, external factors that may influence cytokine expression and inflammation, and complicating factors that may affect the condition.
• The implications of this review may stimulate further research and provide in-depth, updated, and collective information on the basis with how inflammation is involved with degenerative disk disease and how disruption to normal disk cell physiologic function via the inflammatory cascade may advance the stages of disease progression.
